Abstract: Nature has provided some of the most ingenious and elegant solutions to complex problems over millions of years of refining through evolution. The adaptation of Nature´s solutions to engineering problems is a recent trend which has opened opportunities for improvement in many areas ranging from Architecture to Chemical Engineering. In particular, the use of fractal geometries on heat exchangers is a recent design trend. Recent investigations highlight the benefit of implementing fractal-based geometries on the tube side of shell and tube heat exchangers. A complete evaluation of such devices by assessing the performance of the shell side has not been undertaken, though. Here, we present a systematic numerical assessment of the shell side of a tree-like shaped heat exchanger. Key performance parameters, i.e. temperature change, pressure drop and coefficient of performance, are obtained and compared to those of a straight tube, in order to fully understand the potential of the application of fractal-based shapes to the design of heat exchangers.
INTRODUCTION
On different scales and in various scenarios, many living creatures have faced similar engineering challenges to those encountered by humans. Biomimicry is the copying of systems and elements of design from Nature to solve complex engineering problems. One of Nature's solutions being explored recently for engineering applications is fractal geometry. The exploration of its application to improve mass and heat transfer equipment has seen a surge recently, helped by the advent of additive manufacturing technologies (Huang et al., 2017; Wang et al., 2019) . Fractal shapes appear regularly in nature in a variety of places such as snowflakes, plant roots and DNA. Moreover, fractal shapes consistently appear in situations where a transfer or transportation throughout a large space takes place, such as blood vessels transporting blood to all extremities of the body. Their optimal usage of and transport through space is the reason behind their appearing so frequently in nature.
Previous research has shown the potential of fractal shapes in heat transfer equipment by demonstrating their superior heat transfer capabilities and reduced pressure drops versus their straight channel and serpentine channel counterparts. This research, mainly focused on heat sinks, started in 2002 with Pence demonstrating that fractal designs provided lower pressure drop and better heat transfer than parallel tube designs using a one-dimensional and highly simplified simulation model. Fractal tubes were able to achieve a 30°C lower wall temperature and a 60% lower pressure drop. These findings were reinforced by Chen and Cheng (2002) , and research on the topic was continued by Alharbi et al. (2003 Alharbi et al. ( , 2004 who investigated the effect of the assumptions made in previous works. A one-dimensional model provided a 30% difference in pressure drop versus a three-dimensional model, highlighting the importance of realistic assumptions and simplifications. Assuming the effect of bifurcations are negligible gave a 30% higher pressure drop than if it was accounted for and assuming thermal properties are constant gave a 17% over-estimation of pressure drop. Senn and Poulikakos (2004) compared the performance of fractal tubes to that of common serpentine tubes designs and found fractal tubes offered a 50% lower pressure drop and better heat transfer performance. Senn and Poulikakos (2004) also studied the flow through the fractal tubes a determined the secondary flow motions created at the bifurcations increased the local Nusselt number and created vertical vortices, hence improving heat transfer capabilities and thermal mixing. Further work on the field was carried out by Enfield et al. (2004) who used his results to generate two equations for optimal fractal tube design based on the flow conditions of his experiment. Wang et al. (2007) continued the work on optimising fractal tube designs and found the optimal bifurcation angle to be 30° with increased angles resulting in increased pressure drop. They also furthered the understanding of why fractal tubes have improved performance by showing that sharp pressure spikes caused by the bifurcations act as pressure cushions to the system, reducing overall pressure drop. Zhang et al. (2011) mathematically analysed a one-dimensional model to demonstrate that fractal tube designs preserve their improved heat transfer capabilities even with adiabatic boiling occurring in the tubes. Yu et al. (2012) studied the effect of the aspect ratio of the tube cross section and found that lower ratios decrease both pressure drop and heat transfer. The latter authors used the coefficient of performance to determine the optimal aspect ratio to be 0.333. Hydraulic diameter fractions between successive branching generations in natural branching fractal shapes were investigated by
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Previous research has shown the potential of fractal shapes in heat transfer equipment by demonstrating their superior heat transfer capabilities and reduced pressure drops versus their straight channel and serpentine channel counterparts. This research, mainly focused on heat sinks, started in 2002 with Pence demonstrating that fractal designs provided lower pressure drop and better heat transfer than parallel tube designs using a one-dimensional and highly simplified simulation model. Fractal tubes were able to achieve a 30°C lower wall temperature and a 60% lower pressure drop. These findings were reinforced by Chen and Cheng (2002) , and research on the topic was continued by Alharbi et al. (2003 Alharbi et al. ( , 2004 who investigated the effect of the assumptions made in previous works. A one-dimensional model provided a 30% difference in pressure drop versus a three-dimensional model, highlighting the importance of realistic assumptions and simplifications. Assuming the effect of bifurcations are negligible gave a 30% higher pressure drop than if it was accounted for and assuming thermal properties are constant gave a 17% over-estimation of pressure drop. Senn and Poulikakos (2004) compared the performance of fractal tubes to that of common serpentine tubes designs and found fractal tubes offered a 50% lower pressure drop and better heat transfer performance. Senn and Poulikakos (2004) also studied the flow through the fractal tubes a determined the secondary flow motions created at the bifurcations increased the local Nusselt number and created vertical vortices, hence improving heat transfer capabilities and thermal mixing. Further work on the field was carried out by Enfield et al. (2004) who used his results to generate two equations for optimal fractal tube design based on the flow conditions of his experiment. Wang et al. (2007) continued the work on optimising fractal tube designs and found the optimal bifurcation angle to be 30° with increased angles resulting in increased pressure drop. They also furthered the understanding of why fractal tubes have improved performance by showing that sharp pressure spikes caused by the bifurcations act as pressure cushions to the system, reducing overall pressure drop. Zhang et al. (2011) mathematically analysed a one-dimensional model to demonstrate that fractal tube designs preserve their improved heat transfer capabilities even with adiabatic boiling occurring in the tubes. Yu et al. (2012) studied the effect of the aspect ratio of the tube cross section and found that lower ratios decrease both pressure drop and heat transfer. The latter authors used the coefficient of performance to determine the optimal aspect ratio to be 0.333. Hydraulic diameter fractions between successive branching generations in natural branching fractal shapes were investigated by Nelson et al. (1990) who studied the hydraulic diameter fraction of the bronchial tree in mammalian lungs. This work was continued by West et al. (1997) .
There are a number of gaps in the research and area for further development including the lack of physical experiments, the need for optimising more variables and, in order to apply fractal tubes to heat exchangers, an investigation into the effect on the shell side component. All previous research focuses on the tube side component, mainly the heat transferred to the tube side component and the pressure drop that the tube side component incurs. The tube side benefits of fractal shaped tubes has been demonstrated, however, some research is missing on the performance of the shell side, which is intended to be investigated in this work. This paper will thus, study this impact on the shell side component by investigating the effect of the fractal tubes on a shell side gas phase with a focus on the impact of the number of bifurcations on the pressure drop and heat transfer to the shell-side. The investigation will be carried out using ANSYS Fluent v19.1 to model the shell side of a fractal tube heat exchanger. In order to study the shell side impact, a number of shell and tube heat exchangers will be modelled with varying tube widths and number of bifurcations. This will allow for a range of results to be collected indicating how the shell side of the heat exchanger performance trends and how the fractal tube compares to a straight tube. This three-dimensional simulation will avoid a number of assumptions that plagued earlier research into fractal shapes for heat transfer and will provide an insight into the applicability of fractal tubes to shell and tube heat exchangers, rather than just heat sinks.
METHODOLOGY
For heat exchangers, the key performance data is the heat transferred and the pressure drop incurred, therefore the temperature change of the shell side vapour and its pressure drop through the heat exchanger were measure in this work.
The independent variables chosen in this study were the number of bifurcations and the tube widths, each varied separately. The number of bifurcations of the fractal tubes is a variable that increases the complexity of the fractal by adding additional splits-also known as generations. Up to three generations were considered here, with the base case of a straight tube, i.e. zero bifurcations, used to compare the performance of the fractal-based shapes to a simple geometry already in use. The tube widths chosen were 10 cm, 12 cm and 14 cm as this gives a range of fractal designs ranging from thin and long designs, to thicker and shorter designs. The size of the designs is also limited by the Research Licence of Ansys Fluent which limits the number of nodes to 500,000 once the meshing is completed. The heat transfer area of the fractal tubes were kept constant at 1m 2 . The latter value allowed for a variety of fractal designs to be constructed and meet this criterion. The bifurcation angle impacts the performance of the fractal tubes (Wang et al., 2007) , and therefore must be kept constant throughout. The bifurcation angle chosen was 40° as smaller angles caused fractals with higher number of bifurcations to have smaller areas between the tubes. Yu et al. (2012) demonstrated the effect of the aspect ratio on the heat transferred to the fractal tubes. For this investigation, square tubes with an aspect ratio of one were used for the zeroth branch level in order to make the comparison to straight tubes more accurate. As the branching level increases, the tube keep the same height, but decrease in width based on the hydraulic diameter fraction. A hydraulic diameter fraction between successive branching generations and length fraction of 0.7937 was used according to the work of Nelson et al. (1990) , and West et al. (1997) . As the hydraulic diameter branching ratio is being kept constant throughout all fractal designs, the fractal dimension is also constant throughout the study at approximately 1.5 (Zamir, 2001 ). The heat exchanger geometry was created using ANSYS Workbench. An image of the geometry featuring three branching generations can be seen in Fig. 1 , along with the parameters of their geometry in Table 1 . The assumption of a constant temperature on the fractal tube wall was taken. This assumption eliminates the need for complex contact regions in the simulation, hence allowing for a sufficiently detailed mesh without exceeding the 500,000 node limit. The geometry was meshed using ANSYS Meshing and was kept constant through all simulations.
RESULTS AND DISCUSSION

Temperature change
The results from the simulations gave a clear and expected trend relating the temperature change of the shell side vapour to the number of bifurcations as well as an interesting relationship to the tube width. An increase in the number of bifurcations increased the temperature change linearly with the thicker tubes showing the greatest increases (Fig. 2a) . The 14 cm tube started with the lowest temperature change of 41.99°C for a straight tube with no bifurcations, but increased by an average of 4.39°C for every additional bifurcation generation added. The 12 cm tube had the second lowest temperature change of 43.36°C with a straight tube, but increased by an average of 3.27°C for every additional branching generation added. Finally, the 10 cm tube had the highest temperature change of 44.06°C with a straight tube, but only increased by an average of 2.42°C for every additional bifurcation added. In conclusion, from the point of view of design, the bigger the dimensions of the zeroth bifurcation generation, the bigger the amount of heat transferred from the tubes to the gas phase. For both a tube width of 12 cm and 10 cm in particular, additional branching generations show diminishing returns, with each additional bifurcation increasing the temperature change by a reduced amount relative to the previous number of bifurcations. For a 12 cm tube width for instance, the first additional bifurcation increases the temperature change by 3.65°C. However, increasing the bifurcations from two to three, gives an increase in temperature change of 2.49°C. Therefore, thicker tubes had the lower zero-bifurcation straight tube temperature change, but also benefited the most from the bifurcations added. This led to the greatest temperature change achieved out of all 12 simulations being 55.16°C for a tube width of 14 cm and 3 bifurcations. This compares to the 3-bifurcation temperature change of 53.17°C for a tube width of 12 cm and 51.32°C for a tube width of 10 cm. All the simulations conclude that increasing the number of bifurcations increases the temperature change of the gas phase flowing through the shell side, however thicker tubes benefit more from additional bifurcations. Florianópolis -SC, Brazil, April 23-26, 2019 The shell side temperature change of the fractal tubes was greater that of the traditional straight tube and therefore from a strictly heat transfer point of view, the fractal tubes are an improvement over conventional straight tubes. The increase in temperature change is caused by the more efficient use of space provided by the use of fractal shapes. Even though all the tube designs have the same heat transfer area, the higher bifurcation fractal shapes spread this area more efficiently throughout the shell and are able to exchange more heat with the gas phase flowing through the shell side. This highly effective use of space is why fractal shapes are used by Nature in a plethora of instances, from plant roots to blood vessels and lung bronchioles. This result was expected as previous works looking at fractal shapes in heat transfer devices found that the heat transfer capability to the tubes was superior to straight tubes and serpentine tubes. Figure 2b shows the data from a different perspective. In this case the temperature change of the gas phase is presented against the zeroth generation tube width keeping the number of bifurcations constant for each data series. For straight tubes and one branching generation, the shell side vapour temperature change achieved decreased as the tube width increased. However, for two and three branching generations, the opposite occurred. This can be explained by the flow patterns of the shell side vapour through the shell and around the fractal tubes. For the straight tube and lower number of bifurcations, there is sufficient space between the fractal tube branches for vapour to flow through and not get held up forming vortices, which would also result into greater pressure drops as discussed in the next subsection 3.2.
IFAC DYCOPS
Pressure drop
The results from the simulation provided a clear exponential trend in the relationship between the shell side pressure drop and the number of bifurcations which was followed at all tube widths (Fig. 3a) . The results show that the pressure drop increases with the number of bifurcations at all instances.. The lowest pressure drops are achieved by the straight tubes. After the first bifurcation generation, the additional bifurcations increase the pressure drop exponentially with the pressure drop approximately doubling. The lowest overall pressure drop of 7.96 Pa is achieved with one bifurcation and a tube width of 10 cm, but this result stands out as an exception to the trend. This was lower than the 9.00 Pa pressure drop for the 10 cm width straight tube, however the overall trend was followed with the addition of a second bifurcation as the pressure drop rose to 11. The relationship between the shell side pressure drop and the tube width followed the same trend for all fractal simulations, except for the straight tube simulations (Fig. 3b) .
Generally, the straight tubes incur the lowest pressure drops with the fractal designs increasing the pressure drop with each bifurcation added. Each additional bifurcation past the first approximately doubles the shell side pressure drop. This increase in pressure drop is due to the greater interference the higher bifurcation fractal designs have with regards to the shell side flow. The higher bifurcation fractal designs use the space in shell more efficiently allowing for greater heat transfer, but this spreading through the shell hampers the otherwise smooth flow of the shell side vapour. The flow is forced between the gaps in the tubes and vortices and other interfering flow patterns emerge. This results in higher pressure drops for the higher bifurcation fractal designs. The shell side pressure drop was also investigated in relation to the tube width at each number of bifurcations as seen in Fig  3b. The pressure drop of the fractal designs increases with thicker tubes while the pressure drop of straight tubes keeps constant. Florianópolis -SC, Brazil, April 23-26, 2019 The pressure drop with three bifurcations increases the greatest amount from 10 cm to 14 cm tube, followed by two bifurcations and then by the one bifurcation results. This trend and the reason for the straight tubes decreasing in pressure drop as the tubes get thicker is because at lower numbers of bifurcations, the tube thickness has greater impact on the length of the shell more. Therefore, any increase in tube thickness with straight tubes has a large effect on the length of the shell. The 14 cm wide straight tube is 1.79 m long, whereas the 10 cm wide tube is 2.5m long. For three bifurcations, the 14 cm wide tube is 70.5 cm long, whereas the 10 cm wide tube is only 99.4 cm long. This leads to the straight tube following the opposite general trend of the tube thickness increasing the pressure drop.
IFAC DYCOPS
Coefficient of performance (COP)
The coefficient of performance, COP, is a parameter used for heat pumps or refrigerators, but can also be adapted to study the performance of heat exchangers. It is defined as the heat transferred from the tube to the shell side gas phase divided by the pressure drop incurred. The numerator is therefore the product of the gas mass flow rate times the specific heat capacity times the difference between the temperature at inlet and outlet conditions. The denominator is the product between the pressure drop incurred and the volumetric flow rate. This will show whether the increase in shell side temperature change achieved by the fractal tube designs is worth the increased shell side pressure drop. The results can be seen below in Fig. 4 .
As for the effect of the number of bifurcations on the COP, three data series are included in Fig. 4a , where similarly to the previous graphs, each of data series corresponds to a different value of the zeroth generation branch dimension. The straight tubes offer the highest coefficient of performance with the additional bifurcations reducing the coefficient. This was expected based on the previous results as the temperature change increased linearly with the additional bifurcations, but the pressure drop increases exponentially. The highest coefficient of performance of 5817 was achieved at a tube width of 10 cm and one bifurcation and was the only instance where one bifurcation was higher than the straight tube. The 10 cm wide straight tube had a coefficient of performance of 4766. After this first bifurcation the results followed the trend and decreased to 4128 for two bifurcations and finally 1752 for three bifurcations. The simulations for tube widths of 12 cm and 14 cm followed each other very closely with straight tubes giving a coefficient of performance of 4750 and 4695 respectively. With the exception of the result with a tube width of 10 cm and one bifurcation, the straight tube simulations gave the three highest coefficients of performance, whereas the three bifurcation simulations gave the three lowest coefficients of performance. The effect of the zeroth branch tube width on the COP-keeping the same number of branching generations-has been reported in Fig. 4b , where one can see that the dimension of the tube cross section has little effect on the COP. The general trend was that the thinner tubes performed better, however for the most part, the difference between the 12 cm and 14 cm coefficients was quite small with only the 10 cm wide tubes offering a significant increase in performance. The number of bifurcations appears, thus, to be the parameter affecting the performance of the system the most.
Previous works have shown the superior tube side performance of fractal tubes over their straight tube and serpentine tube counterparts. The results from these simulations indicate that these fractal tubes perform poorly on the shell side on a shell and tube heat exchanger. The fractal tubes do offer improved heat transfer, but incur significantly higher pressure drop giving an overall decrease in coefficient of performance. This would indicate that fractal heat transfer devices are best suited to equipment that requires no shell side flow, such as heat sinks in electronics or extracting heat from sand in thermal solar power systems.
Grid independence check
The results of the grid independence check are plotted in Fig.  5 . The simulation chosen was a tube width of 10 cm and two bifurcation generations and with the original mesh sizing, which had 300,913 nodes and 1,672,363 elements. This simulation gave a pressure drop of 11.74 Pa. When the mesh IFAC DYCOPS Florianópolis -SC, Brazil, April 23-26, 2019 sizing was increased to give 200,929 nodes with 1,102,697 elements, the pressure drop was 12.32 Pa. The 33.33% decrease in the number of nodes gave an increase in pressure drop of 4.940%. When the mesh sizing was decreased to give 409,122 nodes with 2,288,478 elements, the pressure drop was 11.23 Pa. The 35.96% decrease in the number of nodes gave a decrease in pressure drop of 4.344%. On average of every 1% change in the number of nodes, the pressure drop changed by 0.135%. Two refinement layers were included on the walls by means of the ANSYS Meshing refinement tool The simulations contained in this work have been obtained with the medium mesh (300,913 nodes). 
CONCLUSIONS
The fractal tube designs offer the expected improved heat transfer capability with the shell side temperature change increasing linearly with additional bifurcations added, in spite of keeping the area of the fractal shape constant at 1 m 2 . With respect to the tube width, the straight and one bifurcation tubes had increased shell side temperature change with thinner tubes. However, the two and three bifurcation tubes had increased shell side temperature change with thicker tubes.
The shell side pressure drop also followed a consistent trend throughout the simulations and showed that increasing the number of bifurcations increased the pressure drop exponentially. When compared to the tube width, the fractal tubes gave increased pressure drops for thicker tubes, but for the straight tubes, the thinner tubes gave increased pressure drops.
The exponential increase in shell side pressure drop versus only a linear increase in shell side temperature change resulted in the higher bifurcation fractal tubes giving the worst coefficients of performance. It also resulted in the straight tubes consistently offering the highest coefficients of performance. The improved tube side performance demonstrated in previous works combined with poor shell side performance suggests that fractal heat transfer devices should be limited to those with no shell side flow, or in those where the shell side pressure drop can be afforded. The poor shell side performance makes them a poor fit of shell and tube heat exchangers, but the excellent tube side performance makes them perfect for heat sinks.
